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A b s t r a c t . Comparison cjfsimulationso  fozonetra]]spori  l]siIlg  t}lrcc-di]llc]lsioIlal

tmjcctory  calculations with the OZOIIC evolution observed by tl]c  Microwave l,imb

SOUIICICI  on tllc  Upper Atmosphere ]tescarch Satellite provides  stron~  cvidcncc  that

substaI]tial  cllc]nica]  OZOIIC  depletion occurred in t]le  Arctic lower st ratosphcric  vortex

cluring  late Fcbmary  and car]y  March  1994 .  ])ynamical proccsscs,  nlai]lly  cliabatic

descent, mask part of the chemical destruction of ozol]e. Over the thirty-day period

studied, our calculations il]clicatc  that chcmica]  destruction of OZOIIC in the Arctic 10WC]

stratospheric vortex ]nay  ]]avc been as Inuch  as twice the observed ozoIIc dccrca,sc.
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Introduction

Detection of chemical ozone  cleplction  in the Arctic polar vclrtcx  js consjdcrab]y

mom ciifflcult tha,n in the Antarctic. Because of nigher  nort}! polar  temperatures,

conditions in the Arctic vortex are favorable for the formation of ~~olar stratospheric

clouds (I)SCS)  and subsequent lower stratospheric chlorine activation] and ozone

depletion for a much shorter time than in the southcrll  hemisphere [e.g., Manncy  and

Zurek,  1993]. In addition, the more active and distorted northcml hemisphere (NII)

vortex makes it considerably more difficult to separate dynamical a]ld chemical eflects.

Manney  et al. [1 994a] analyzec]  ozone from the Microwave I,imb Sounder (MLS) and

nitrous oxide (N20)  from the Cryogen Limb Array F,ta]on  SI}cct,  rolnctcr  (CI,A}’X3) on

the lJppcr  Atmosphere Research Satellite (UARS) to show strong  cvjdcnce  for chemical

ozone clcplction  in the Arctic during February and early March 1993. Also for 1992-93,

l,amen ci. al. [1 994] analyzed ozoncsonde  and aerosol ~)rofiles  at 2 sites in Greenland to

detect cl~cmical ozone depletion during the 1992-93 A retie winter. l~oth  studies USCCI

conservative tracer mcasurmncnts  (N20 or aerosols) to indicate dynamical changes and

found that the ozone behavior was incolisistcnt  with those dynamical changes. lManney

et al. [1 995 ,  submi t t ed  tc) J. Afmos.  Sci., hereafter M95] used tllrcc-ciil~lcl~siollal

trajectory calculations to further examine the transport of ozone cluring  the Arctic

winter of 1992-93 and contrasted observed with purely advectccl  oxollc  distributions.

‘1’hcsc  results indicated t}~at significant chemical OZOIIC  loss occu]rcd, with dynamical

compensat ion maskjng up to x30Y0 of the loss, La7sen  et al. [1 994] used aerosol

mcasurcmcnts  to infer c]iabatic  clcsccnt  and t]lus  cstil  natc tllc alnount,  of chemical ozone

dcstructjon,  with consistent results.

‘1’llc lower stratospheric vortex was relatively warm throue,h  lnost  of the 1993-94

N]] willtcr,  until a pcriocl of sudden coolillg  in late V’cbruary (1’ig. 1 a shows minimum

tmnpcraturcs  at 465 K). Minimum temperatures WC!IC slightly below  the type 1 PSC

formation thrcsho]d  (=195 K) throughout January 1994, wamlillg  tc) slig}ltly above it
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chlorille  monoxide (Clo, tl]c dominant form

early l~cbruar~’, with a sul.Jscqucllt  dccrcasc

until the late F’cbruary  clrop in tcmpcraturcs;  C1O was thcll observed to increase [ Waicrs

d d . ,  1995].  IPig. I b shows “vortex-averaged” [Manney et al., 1995] Ml $ ozone in

the lower stra.tosphcrc  from mid-l~cbruary  throug]l  mid-hi arch 1994. Average ozone on

iscntropic  surfaces dccrcascs  below s3450 K in the early ])art of the period; a larger and

more gc]lcral  dccrcasc  over most of the lCVCIS  S11OWJI oc,culs duri]Lg  a ~:ap ill observations

(caused by instrument difficult its). IIi the following, we usc trajcctor~ calculations and

techniques silni]ar  to those described by M95 to show evidcncc  that this decrease is to a

large cxtcmt  caused by chclnical proccsscs.

Data and Analysis

‘1’hc MI,S  ozone data and retrievals arc described by J}oiclcvaur cf. al. [1 994] and

l’roidcvawr  ei al. [1 995, submitted to J. Gcophys.  lies.]. l’recisions (rIns)  of individual

ozone mcasurcmcnts  arc =0.2-0.3  ppmv,  with absolute accuracies of 10-30~o  in the lower

stratosphere. ‘1’hc ozoI~c data arc griddcd  at 4° latitude by 5° longitude using F’ouricr

transform tccllniqucs  that separate time and longitude variatiorls  [E[son  and J’roidcvaw

1 993].

1{.ossby-l’;ri,cl  potc]ltial  vorticity  (PV) i s  ca lcu la ted  f rom lJnitcd  Kingclom

h4ctcorological  Off]cc (U Kh40) ana]yscs [S’winLank and 0 ‘Nciil 1994]. I+’or  ve r t i ca l

sect ions,  I’V is scales in “vorticjty  units” (s-l) [cog., Manney  ci 01., 19941)] to give a

similar range of values at all levels.

‘1’hc t rajectory code  [Munney  et al., 1 w4b]  uscs  l~Kh40  horizo~]ta]  winds  and

diabatic  descxmt rates from an indcpcndcni  radiation code. l’or forward trajectory

calculations, parcels were initialized on a 2° latitude by 5° longitude  grid (e.g., l’ig.

2a) at sclcctcd iscntrol)ic  levels throughout the stratosl~hcrc.  As dcscribcd  by h195, an

ozone mixing ratio is associated with each parcel on tllc initial clay by intcrpolatil]g



5

from tl)c  griddccl  MI,S  data. ‘1’})c  subscclllcnt  n)otion  of these tagged parcels (e.g., l’ig.

2c) rcprcscnts the cxpcctcd behavior of ozone due soldy  to transport. ‘l’his behavior is

compared with the observed ozone interpolated to the parcels’ positions on later days

(e.g., l’ig. 2b).  M95 used this method with passive tracer data frolll  the Cryogen I,imb

Array l;taloll  Spectrometer (CI,AES), as well as hflI,S ozone, for the 1992-93 NII  winter,

showing that the trajectory calculations reproduced tll<:  main features of passive tracer

evolution. I)UC to exhaustion of the CLAES cryogen, no passive tracer data arc available

from [JA IU3 for the 1993-94 winter. Even so, the previous success ~z,ives confidence that

the present trajectory calculations can fairly accurate]]  reproduce the effects of large

scale trallsporto

M95 used tllrc:c-cli]~~ellsiol)al  binning and interpolation to grid the results froln  the

trajectory calculations described above. Here, we use a reverse trajectory technique

similar to tl)at described by Suiion ei al. [1 994] to obtain griddcd  fields. l’arcels arc

initializcc]  throughout t}lc  Nll on the gricl  used for the MI,S  data on each of the days

wc arc interested in examining. ~’he trajectory code is then ru]l backwards in time

to the initial day, 15 1+’cb 19947 and MI,S  ozone for 15 February is illtcrpolatcd  to the

15 l~cbruary  positions of the parcels started on a grid (m each of tllc  succ~’ding days.
.

‘1’bus, the calculated field on the initial grid shows the ozone mixing ratio that would

bc transported to those locations from the 3-d ficlcl  fol 15 February. ‘1’his  procedure

requires more resources for the trajectory calculations, since a scpa]”atc  calculation must

be done for each day of interest, but thcll  requires onl~ a simple  intcr~)olation  from a

@cldcd ficIcl  to th~  Parcel Position%  rath(:r than the COmplcx  binning  a]]d i n t e r p o l a t i o n

griddiIIg  lJrocedure  ~lscd by M95. Comparison  of the two techniques showed very similar

results for this case.



Results

I{’or  parcels illitializcd  at 465 K on 15 Fcb 1994, the observed OZO]]C  at the parcel

positions on 14 Mar 1994 in the vortex region (1’ig. 2b) was considcrab]y  lower  than

that  prcdictcd  Ly the trajectory calculat ion (1’’ig. 2c).  l’ig. 3 sumlnarizcs the results

of these trajectory calculations throughout the time studied, showing the average,

minimuln,  and maximum of observed ozone for all parcels sta.rtcd at 465 K that, on each

day, have scaled 1’V > 1.4 x 10-4 s-] (this contou]  is in tlic midst,  of the region of strong

I’V ,gradicnts,  and thus all parcels within it arc considered to be inside the vortex; the

contour is indicated in P’ig. 2). The open symbols show the corresponding ozone values

froln  the trajectory calculation; thus, these change only when parcels move into or out of

the region  being averaged over. l’ig. 3 shows similar trc]]ds  for observed and calculated

ozone during tllc first  part of t,hc pcriocl,  but a marked dccreasc  in ot~scrvcd ozone with

respect to ca]culatcd ozone after the data gap. A simi]a]  plot (not showI])  for parcels

started at 840 K, in the middle stratosphere indicates vcJy  similar behavior of observed

and ca]culatcd  ozone in the vortex throughout the obsel  ving  period. ‘l)his  suggests

that, in a region where chcmica]  changes arc not exp’ect,ed,  the trajectory calculation is

reproducil]g  the genera] evolution of ozone in the vortex.

l’ig. 4 compares 465 K ozone maps from M 1,S observations, al)d as simulated using

the reverse trajcctor-y  procedure dcscribcd  above, on 25 l~cb and 14 hlar 1994. A slight

incrcasc ill high values of ca]culatcd  ozone in the vortex is seen on 25 l’cb 1994. hfluch

larger differences arc seen between observed and calculated fields on 14 h~arch,  with the

calculated field showing a significa]lt  increase as a result of diabatic  dcsccnt  bringing

d o w n  hi,ghcr OZOIIC  fro]n  above, but the observecl  ficlcl  showi]lg  a dccrcase  over  the

period. 9 March fields (not shown) show very similar a]nounts  of vortex ozone to 14

hIarcll,  i]]dicati]lg  tl]at most of tllc diffcrcnccs  are in the behavior lx:twccn  25 l’cbruary

and 9 March.

Vortex-averaged ozone from tl~c trajectory calculation is slIown ill  l’ig. 5, using the
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same display as l“ig. lb, which showed atimcscries  of ~’ortex-averaged L41,S ozone. ‘1’he

calculated ozone shows a steady illcreasc  as larger ozone  mixing ratios are transported

to lower  levels in the vortex; the increase is most rapid <luring the first half of the period.

‘1’hc observed Lcbavior  seen in Fig. 1 is inconsistent with the transl)ort  calculations at

all levels  shown in Fig. 5, and throughout most  of thf period. l’ig.  6 compares the

overall observed and calculated changes in ozone in th(: lower stratosp}lere  between 15

Fcb  and 13 Mar 1994; difrcrcnccs  are shown in I’V/d sljacc  [e.g., Jfanney  et a~., 1994a].

While the observed difference shows overall dccrcascs  i] I ozone  in the lower stratospheric

vortex (scaled PV > 1.2 x 10-4s””1 ) at all levels  up to =660 K, the calculated field

dccrcascs  only in a small region outside the vortex  nca r 520 1<, and a small region near

the center of the vortex  near 660 K.

‘1’hc inconsistencies shown above between the bcllavior  of the observed ozone

and the ozone resulting from the trajectory calculation, togetbcr  with the observed

cnllanccmcut  of CIO [ Waters et al., 1995], arc strong evidence for cllcmical ozone

depletion in the lower  stratosphere during  late F’cbruary  and early March 1994. in l’ig.

7, wc estimate the amount of chemical change that rr]ay have taken place at several

levels in the lower stratosphere. Assuming that the calculated vortex-averaged ozone

variations rcprcscllt  all c}langcs in ozone due to dynamical processes, the difference

bctwccn  the observed and calculated variations then indicates the change in ozone

due to noll-dynanlical  (chemical) processes that would be required to produce the

observed evolution. in l’igs. 7b and 7c, little or no cl)emica]  clepletio]l  is required to

explain the behavior of ozone at 520 K or 465 K in tile  early part of the period, while

the observed lack of illcrcasc at 585 K suggests that downwellinp;  may bc masking

some ctclnical depletion there. I,atcr ill the ~)criod, the amoul]t  of ozone destroyed

by chemical proccsscs  at each  of the levels  shown may be as n)ucll  as about twice the

observed dccrcasc bctwccll tl)e beginning of tl)c  clata gap and tile end of the observing

period. M95 found that  the computed descent may at times be ov~rcstimated in the N]]
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winter. ‘1’bus, wercgard  ourrcsu]tsas  an uppcrlimiion  the amoulit  of chcmicalozonc

cleplction.

Conclusions

In the abscncc  of distributed tracer data for diagnosilig  transport, tllrcc-dill~cl~sio)~al

trajectory calculations initialized with observed M1,S ozone  have been used to simulate

the large-scale transport of ozone in the Arctic lower stratosphere frmn mic]-1’cbruary

to mid-March 1994. Compariso]l  of these simulations of trallsl>ort-ill({uc.(!(~  ozone  with

the observed ozone evolution provicles  strong evidence that substalitial  chemical ozone

depletion occurred in the Arctic lower stratospheric vort cx during late l{’cbruary and

early h4arch  1994. ‘1’hrough most, of this period, diabatic  descent is bringing higher

ozone in from above, masking part of the chemical destruction of ozoIlc, our calculations

indicate that, over the two--week period of low temperatures in late l’cbruary and early

Marc]]  1994, t}]c chemical depletion of ozone  could have I)cclt nearly t wicc  that suggested

by the observed decrease  in the lower  stratosphere.
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Figure 1. (a) h4inimun]  high-latitude UKMO tem]wrature:  (K) at 465 K from 15 l~eb Lhrougll

16 March 1994. (b) vortex-averaged MI,S ozone (ppmv) from 15 I+’e])  through 16 Mar 1994,

from 4201< (=100 hPa) to 655 K (ss20 h}’a);  The “vortex-average” is an area-weighted average

over the region with scaled I’V ~ 1.4 x 1 0-4s –1. Contour i]]terval  is 0.2 ~)pmv, with 3.6 to 3.8

ppmv shaded.

Figure 2. Initial ozone (ppmv) at 465 K on 15 1+1) 1994, and predicted and observed ozone at

positions of parcels started at 465 K on 14 h4ar 1994. Predicted values are the observed values

at, the parcel positions on 15 Feb, advected  with the parcels. Observed values are interpolated

to the parcel positions from the MI,S data on each day. Most of the parcels shown are moving

downwards during the run. q’he projection is orthographic, with CtOlollgit  ude at the bottom of

the plot and 90°1;  to the right; dashed lines show 30°and 60 °1atitudc circles. l’he 1.4 x 10–4s–1

contour of scaled I’V at 465 K is overlaid on the plots.

Figure 3. ‘lThe  average  (circles), minimum (triangles), and maximum (squares) values of ozone

mixing ratio (ppmv)  as computed by interpolating h41.S data to the parcel locations determined

by trajectory calculations [solid  sylnbols) and as compute{] directly from tile conserved initial

ozone mixing ratios associated with these parcels (open symbols), for 15 l~eb 1994 through 14

Mar 1994. ‘J’he ensemble of air parcels used was initialized at 465 K and is constrained to have

a scaled I’V z 1.4 x 1 0–4s--1 on the day considered.

Figure 4. Synoptic maps of ozone (ppmv) at 465 1< from obselvatious  and trajectory

calculations on 25 l~eb and 14 Mar 1994. I,ayout  is as in )~ig. 2. 1’V contours in the region of

strong gradieuts  are overlaicl  on the plots of observed vallles;  these  colltours  are 0.2, 0.25 and

0.3 x10-4 Kn12kg-]s-]  (0.29 x 10-4 Kn12kg--ls-1  is equivalent to a scaled  PV of 1.4 x 10-4s -1) ,

Figure 5. As in l~ig. 1, but for calculated ozone.

Figure 6. l)iflercnces  (ppmv) in (a) observed and (b) calc~llated  ozone in the lower stratosphere

(420 -740 K) between 13 Mar  1994 and 15 Feb 1994, as a function  of scaled 1’V and 8; dashed

lines indicate a decrease over the time period. Contour interval  is 0.1 p~)mv.
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Figure 7. Obscwved (black line) and calculated (pale grcy line) vortex-averaged ozone change

(ppmv) at 585, 520, and 465 K, and estimated “]~o]l-c]yI]a]~~it.al” c.haap;c  (thick dark  WY Iirle)

for 15 1+’eb  through 16 Mar 1994.
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